Fentanyl is widely used in conditions in which the brain is at risk of ischemic or anoxic injury. We evaluated the effect of fentanyl on anoxic injury to CA 1 pyramidal cells in the rat hippocampus.
45% in the control group, 57% in the group treated with 50 ng/mL of fentanyl, and 58% in the group treated with 500 ng/mL of fentanyl. After 7 min of anoxia, recovery was 5% in the control group and 4% in the group treated with 50 ng/mL of fentanyl. We conclude that fentanyl does not affect the recovery of the electrophysiological response in rat hippocampal neurons subjected to an anoxic insult. Implications: Because fentanyl is used in large doses during surgical procedures in which the brain is at increased risk of ischemic or anoxic injury, it is important to determine its effect on such injury. Using the rat hippocampal slice model, we found fentanyl to be neither neurotoxic nor protective against anoxic injury to neurons when used in concentrations comparable to those produced in clinical practice. (Anesth Analg 1998; 87:68-71) F entanyl is widely used for anesthesia and analgesia during and after surgery. Cardiac, vascular, and neurosurgical procedures represent a risk of ischemic injury to the brain. Large doses of opioid are often used during cardiac and vascular surgery because of their favorable pharmacodynamic properties. The reported effects of opioids on ischemic or anoxic injury to the brain are variable. Different studies have found them to be protective from anoxic injury (l-2), to enhance this injury (1,4)l, or to have no effect on this injury (6-9). Our studies are aimed at clarifying the effects of fentanyl during anoxia using a simplified system that only examines the direct effects of drugs on neurons (10).
Using the rat hippocampal slice, we studied the electrophysiologic recovery of the postsynaptic population spike in the CA 1 pyramidal cell layer. By using an in vitro model, the systemic effects of fentanyl were excluded and the direct effect of fentanyl on the neurons was examined. This is a suitable model because CA 1 pyramidal cells are densely populated with opioid receptors (11) and are extremely sensitive to anoxic injury (12). We have found electrophysiologic recovery of the population spike to be a good indicator of cell injury (10).
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EFFECT OF FENTANYL ON ANOXIC DAMAGE cerebrospinal fluid (aCSF) superfusing the slice. Control groups were treated identically to the fentanyl groups with the exception of the addition of the drug.
The rat was placed in a plastic cage, oxygenated with 100% oxygen for 3 min, and then anesthetized with 2% isoflurane in oxygen. Once the rat was anesthetized, evident by lack of response to tactile stimuli, it was killed; its brain was removed and placed in cold (4°C) oxygenated aCSF. The hippocampus was dissected from the brain and sliced into 500-pm slices, which were placed in cold oxygenated aCSF. Slices were made using a manual tissue slicer (Stoleting, Wood Dale, IL). The hippocampus was sliced transverse to its long axis to maintain synaptic connections between the Schaffer collateral pathway and the CA 1 pyramidal cells. The slices were then transferred to the superfusing chamber and placed on nylon mesh that was fixed into a plastic grid. The slices were held in place on the nylon mesh by pinning the entorhinal cortical part of the slice between the two frames of the plastic grid. Once the slices were fixed in place on the nylon mesh, superfusion with aCSF was begun. The superfusing aCSF was distilled water containing the following components (in mM): NaCl 126, KC1 3, KH,PO, 1.4, MgSO, 1.3, CaCl, 1.4, NaHCO, 26, and glucose 4, and had a pH of 7.4. The aCSF was oxygenated with 95% 0, in 5% C02. The flow rate of the superfusing aCSF was 60 mL/min, and the temperature in the superfusing chamber was maintained at 37°C throughout the experiment. Once placed in the superfusing chamber, the slices were undisturbed for 1 h to recover from the trauma of slice preparation.
At the end of this hour, a stimulating electrode was placed in the presynaptic Schaffer collateral pathway and a recording electrode was positioned in the CA 1 pyramidal cell layer. This pathway was stimulated by a supermaximal biphasic pulse every 10 s, which evoked a postsynaptic population spike in the CA 1 pyramidal cell layer. This evoked response represents the action potentials of hundreds of neurons in the CA 1 region. The amplitude of this response was measured as the average value of the descending and ascending limbs of the population spike.
Baseline population spikes were recorded for at least 20 min, then fentanyl was added to the circulating aCSF and allowed to bathe the slices for an additional 20 min. Fentanyl was added to produce concentrations of 50 or 500 ng/mL in the circulating fluid. No drug was added in the control group.
The population spike obtained 20 min after the addition of fentanyl was used to calculate the preanoxic effect of fentanyl. This effect was calculated by dividing the population spike amplitude obtained 20 min after the addition of the drug by the baseline amplitude and compared with the change in the control group during the same time period.
At the end of the 20-min treatment or an equivalent time in the control group, the slices were exposed to 5, 6, or 7 min of anoxia. Anoxia was produced by aerating the superfusing fluid with 95%N,/5%CO, instead of 95%0,/5%CO,.
Anoxia was terminated by switching the aeration of the aCSF back to 95%0,/5%CO,.
The recovery period began with the termination of anoxia and lasted for 1 h, during the first 5 min of which fentanyl was washed out from the superfusing aCSF. Recordings of the population spike during recovery were made 5, 15, 30, 45, and 60 min after anoxia. Recovery from anoxia was calculated by dividing the amplitude of the population spike obtained 60 min after anoxia by the baseline pretreatment amplitude. An unpaired t-test or Dunnett's multiple comparison test was used to determine statistical significance between groups; P < 0.05 was considered significant. All values are the mean + SEM.
Results
A concentration of 500 ng/mL fentanyl did not significantly change the amplitude of the population spike before anoxia. The mean posttreatment amplitude of the population spike was 100% of its mean pretreatment amplitude. A concentration of 50 ng/mL fentanyl also did not significantly affect the population spike. The mean posttreatment amplitude of the population spike was 102% of its pretreatment amplitude. In comparison, the amplitude in the control group after 20 min was 99% of the baseline amplitude (Table 1 ). An example of the change in the amplitude is shown in a single experiment with 50 ng/mL of fentanyl in Figure 1 . No change in the number of the postsynaptic spikes was noted by the addition of either concentration of fentanyl. Fentanyl did not have a significant effect on the postsynaptic evoked population spike before anoxia.
Large concentrations of fentanyl (500 ng/mL) did not significantly alter the recovery of the population spike after 5 or 6 min of anoxia. The postsynaptic population spike recovered to 76% of its preanoxic level in the control group subjected to 5 min of anoxia and to 87% in the treatment group, whereas in the group subjected to 6 min of anoxia, recovery was 45% in the control group and 58% in the treatment group. Lower concentrations of fentanyl(50 ng/mL) also did not alter the recovery of the population spike after 6 or 7 min of anoxia. In the group subjected to 6 min of anoxia, recovery was 45% in the control group and 57% in the treatment group, whereas after 7 min of anoxia, recovery was 5% in the control group and 4% in the treatment group. A summary of recovery results is presented in Table 2 . An example from a single experiment in the group treated with 50 ng/mL fentany1 is shown in Figure 1 . The effect of 20 min of fentanyl or no drug was measured in the CA 1 pyramidal cell region of slices before they were subjected to anoxia. 
Discussion
The fentanyl concentrations that we used (50 and 500 ng/mL) simulate in magnitude the steady-state and peak plasma fentanyl concentrations achieved during clinical anesthesia. Peak plasma fentanyl concentrations of 620 ng/mL (13) and steady-state plasma fentanyl concentrations of 45 ng/mL (14) have been reported during cardiac surgery. Fentanyl concentrations in the cerebrospinal fluid seem to reflect steady-state plasma fentanyl concentrations rather than peak plasma fentanyl concentrations (15). The three different durations of anoxia that we used (5, 6, and 7 min) were aimed at detecting either neuroprotective or neurotoxic effects of fentanyl. The hippocampus is well suited for the study of opioid effect on anoxic injury in the brain because the CA 1 pyramidal cells are densely populated with opioid receptors (11) and are extremely sensitive to anoxic and ischemic injury (12). We used an in vitro model to examine the direct effect of fentanyl on anoxic injury to neurons and to exclude any systemic effects. The advantages of this model include the exclusion of primary effects of anoxia on the circulatory system, such as the "no reflow phenomenon;" the lack of need for adjuvant drugs to maintain physiologic viability in vivo; the ability to study neurons from a region of the brain that is highly sensitive to anoxia and ischemia; the ability to activate the neurons through their normal major excitatory pathways, which are preserved in the transverse slice; and the ability to maintain neurons and glial cells in their normal proportion and anatomical location. Hippocampal glial cells contain comparable levels of 6-and K-opioid receptors and little, if any, p-opioid receptors (16). The disadvantages of this model include the elimination of afferent modulatory pathways from outside the hippocampus; the relatively short survival period of the slice (S-10 h), which excludes the ability to examine long-term survival; and the short ischemic period to which the cells are exposed during slice preparation. We compensated for this ischemia by maintaining the brain in cold oxygenated aCSF during this period.
We found that fentanyl did not alter the evoked population spike in the hippocampal slice before anoxia. Similarly, others have found that fentanyl did not have an effect on visual, somatosensory, or brainstem auditory evoked potentials (17, 18) . In other studies, it was found to have only a modest (19) or an unpredictable effect (20) on the amplitude of somatosensory evoked potentials.
Fentanyl did not have neuroprotective or neurotoxic effects on anoxic injury to the rat hippocampus. This finding is in concordance with a number of studies that investigated the effect of nonselective opioid agonists, such as fentanyl (6) and morphine (7-9), on ischemic injury to the brain and is in disagreement with other studies (1,4)' that found such nonselective opioid agonists to exacerbate ischemic injury of the brain. Both fentanyl and morphine, among other nonselective opioid agonists, have been found to attenuate N-methyl-D-aspartate neurotoxicity in murine cortical cell culture (20a).
Fentanyl is a nonselective opioid agonist with more activity at p-opioid receptors than at K-or &opioid receptors. Activation of K-(I) or S-opioid (2) receptors protects against ischemic or anoxic injury, whereas activation of p-opioid receptors has seizure-enhancing properties that could enhance anoxic or ischemic injury (21). The three subtypes of opioid receptors (K, S and p) have been localized in the rat hippocampus, although different studies report different concentrations and distribution of these receptors (11, 22, 23) . These different findings could be caused by the differential effect of ischemia and brain lesions on the endogenous opioid system of the brain. Lesioning of the nucleus basalis of Meynert increases the binding of K-and &opioid receptors and decreases the binding of p-opioid receptors (24). Ischemia increases binding of h-(7) and K-opioid (25) receptors and decreases the levels of the three endogenous opioid peptides in the hippocampus:
/3-endorphin, metenkephalin, and in particular, dynorphin A, the K-opioid receptor agonist (26). Perhaps the different experimental models studying the effect of exogenous opioids on ischemic injury to the brain enhance or attenuate different factors of the endogenous opioid system, resulting in different outcomes.
Many aspects of opioid receptor activation are of special importance regarding the effects of opioids on ischemic or anoxic injury of the brain. Opioid agonists decrease cerebral blood flow and metabolism, whereas nonselective opioid antagonists, such as naloxone, increase cerebral blood flow and metabolism (9). Some nonselective opioid agonists also attenuate N-methyl-D-aspartate neurotoxicity (19). The protective effect of 6-opioid receptor agonists seems to involve decreasing body temperature (2). p-Opioid agonists seem to enhance seizure activity, whereas K-agonists seem to suppress this activity (21). K-Opioid agonists decrease ischemic edema formation, protect from energy failure, improve mitochondrial respiratory function (27), and attenuate the reduction in NA-K ATPase activity (28).
Many mechanisms probably come into play to produce neuroprotective or neurotoxic effects; in our study, we found no evidence of direct neuroprotective or neurotoxic effects of fentanyl when used in concentrations that simulate the concentrations used in clinical anesthesia. The neurotoxic or neuroprotective effects of opioid agonists detected in other studies are probably related to actions on other cell types or properties of cerebral circuits with components outside the hippocampus.
We conclude that fentanyl does not have a direct neurotoxic or neuroprotective effect on neurons in the hippocampus. 
